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ABSTRACT
We present predictions for the line-of-sight velocity dispersion profiles of dwarf
spheroidal galaxies and compare them to observations in the case of Fornax dwarf.
The predictions are made in the framework of standard dynamical theory of spherical
systems with different velocity distributions. The stars are assumed to be distributed
according to Se´rsic laws with parameters fitted to observations. We compare predictions
obtained assuming the presence of dark matter haloes (with density profiles adopted
from N -body simulations) versus those resulting from Modified Newtonian Dynamics
(MOND). If the anisotropy of velocity distribution is treated as a free parameter ob-
servational data in the case of the Fornax dwarf are reproduced equally well by models
with dark matter and MOND. If stellar mass-to-light ratio of 1M/L is assumed, the
required mass of the dark halo is 1.5× 109M, two orders of magnitude bigger than the
mass in stars. The derived MOND acceleration scale is a0 = 2.1× 10
−8 cm/s2. In both
cases certain amount of tangential anisotropy in the velocity distribution is needed to
reproduce the shape of the velocity dispersion profile in Fornax.
Key words: methods: analytical – galaxies: dwarf – galaxies: fundamental parameters
– galaxies: kinematics and dynamics
1 INTRODUCTION
Dwarf spheroidal galaxies provide a unique testing field for
the theories of structure formation. Due to their large ve-
locity dispersions they are believed to be dominated by
dark matter (for review see Mateo 1997). Because of their
small masses they also exist in the regime of small accelera-
tions, where, according to an alternative theory of Milgrom
(1983a), the Modified Newtonian Dynamics (MOND) may
operate causing a similar increase of velocity dispersions.
Until recently the measurements of velocity dispersion
in dwarfs were restricted to a single value, the central veloc-
ity dispersion, on which all of the dynamical modelling was
based. In order to estimate the mass-to-light ratio in such
case a simplifying assumption of isotropic velocity distribu-
tion was usually made. Using this approach many authors
(see Mateo 1998 and references therein) estimated mass-to-
light ratios in dwarfs to be much larger than stellar values
and interpreted this as a signature of the presence of dark
matter. However, Milgrom (1995) analysed the data con-
cerning seven well known dwarf spheroidal galaxies and con-
cluded that when modified dynamics is applied their mass-
to-light ratios are consistent with stellar values if all the
observational errors are properly taken into account.
Given the velocity dispersion data as a function of dis-
tance, which are becoming available now, we are able to
extract much more information from the data. Our conclu-
sions do not have to rely on the assumed velocity anisotropy
model, but the best-fitting model can actually be found. On
the theoretical side some progress has also been achieved.
The dark matter distribution in haloes can now be reli-
ably modelled using the results of N -body simulations (e.g.
Navarro, Frenk & White 1997, hereafter NFW).
The purpose of this work is to explore the two hypothe-
ses, based on dark matter and on MOND, by calculating the
predicted velocity dispersion profiles and comparing them
to available data. In the case of dark matter our analysis is
somewhat similar to an earlier study of Pryor & Kormendy
(1990) who also considered two-component models involv-
ing stars and dark matter. In the case of MOND, our ap-
proach here is related to that of Milgrom (1984) who applied
Jeans equation to study the density profiles of equilibrium
systems assuming isotropic and isothermal velocity distribu-
tions. Here we assume instead the observed density distri-
bution of stars to obtain the velocity dispersions in MOND
for different velocity anisotropy models.
The paper is organized as follows. In Section 2 we de-
scribe the method of calculating the velocity dispersion pro-
files with different anisotropy models and discuss the input
from stars and dark matter. We also show how the approach
is modified in the case of MOND. In Section 3 we present
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the results for the Fornax dwarf galaxy and compare them
to the data. The discussion follows in Section 4.
2 VELOCITY DISPERSION PROFILE
The radial velocity dispersion σr(r) of stars can be obtained






νσ2r = νg, (1)
where ν(r) is a 3D density of stars, g(r) is the gravi-
tational acceleration associated with the potential Φ(r),
g = −dΦ/dr, and β = 1 − σ2θ(r)/σ2r (r) is a measure of the
anisotropy in the velocity distribution.
In the absence of direct measurements of velocity
anisotropy in dwarf spheroidal galaxies we have to consider
different models for β. Our choice here is guided by the re-
sults of N -body simulations of dark matter haloes and obser-
vations of elliptical galaxies. For dark matter haloes Cole &
Lacey (1996) and Thomas et al. (1998) find that, in a variety
of cosmological models, the ratio σθ/σr is not far from unity
and decreases slowly with distance from the centre to reach
' 0.8 at the virial radius. Observations of elliptical galax-
ies are also consistent with the orbits being isotropic near
the centre and somewhat radially anisotropic farther away,
although cases with tangential anisotropy are also observed
(Gerhard et al. 2001).
Our fiducial anisotropy model will therefore be that of
isotropic orbits: σθ(r) = σr(r) and β = 0. A more realistic
approximation is provided by a model proposed by Osipkov
(1979) and Merritt (1985) with β dependent on distance





where ra is the anisotropy radius determining the transition
from isotropic orbits inside to radial orbits outside. This
model covers a wide range of possibilities from isotropic or-
bits (ra →∞) to radial orbits (ra → 0). Another possibility
is that of tangential orbits with the fiducial case of circular
orbits when β → −∞. To cover intermediate cases between
the isotropic and circular orbits we will consider a simple
model of β =const< 0.
The solution of the Jeans equation (1) with the bound-
ary condition σr → 0 at r →∞ for βOM anisotropy is






(r2 + r2a)νg dr, (3)
while for β=const we find





From the observational point of view, an interesting,
measurable quantity is the line-of-sight velocity dispersion
obtained from the 3D velocity dispersion by integrating













r2 −R2 dr , (5)
where I(R) is the surface brightness. For circular orbits,










)2 ν V 2 r√
r2 −R2 dr , (6)
where V = (rg)1/2 is the circular velocity associated with
the gravitational acceleration g(r).
Introducing results (3) or (4) into equation (5) and in-
verting the order of integration the calculations of σlos can
be reduced to one-dimensional numerical integration of a
formula involving elementary functions in the case of βOM
(see Mamon &  Lokas, in preparation) and special functions
for arbitrary β =const.
We will now discuss different factors entering in the cal-
culations of σlos, namely the density distribution of stars ν,
the mass distributions contributed by stars and dark matter
to gravitational acceleration g and how this acceleration is
changed in MOND.
2.1 Stars
The distribution of stars is well known in a number of dwarf
spheroidals from surface brightness measurements and is
usually well fitted by the exponential law or its generaliza-
tion i.e. the Se´rsic (1968) profile
I(R) = I0 exp[−(R/RS)1/m], (7)
where I0 is the central surface brightness and RS is the char-
acteristic projected radius of the Se´rsic profile. The Se´rsic
profile with parameter m varying in the range 1 ≤ m ≤ 10
has been found (Caon, Capaccioli & D’Onofrio 1993) to fit
surface brightness profiles of elliptical galaxies in large mass
range better than the standard de Vaucouleurs law (cor-
responding to m = 4). For dwarf spheroidals the fits are
usually performed with m = 1, although is some cases other
values of m are found to provide better fits (Caldwell 1999;
De Rijcke et al. 2001).
The 3D luminosity density ν(r) is obtained from I(R)
by deprojection








R2 − r2 . (8)
In the case of m = 1 an analytic result for this integral can
be obtained









where K0(x) is the modified Bessel function of the second
kind. For other values of m in the range 1/2 ≤ m ≤ 10 an
excellent approximation for ν(r) is provided by (Lima Neto,


















p = 1.0 − 0.6097/m + 0.05463/m2 .
The mass distribution of stars following from (10) is
M∗(r) = ΥLtot
γ[(3 − p)m, (r/RS)1/m]
Γ[(3 − p)m] , (11)
where Υ=const is the mass-to-light ratio for stars, Ltot is the




is the incomplete gamma function.
